The importance of CD4 + T reg cells in maintaining lymphocyte homeostasis is best appreciated in mice and humans that lack these cells. Foxp3-deficient (Scurfy) mice 1-3 and patients with immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome 4 suffer from excessive lymphocyte activation, lymphocytic infiltration into peripheral organs and colitis, leading to death at an early age. In healthy individuals, T reg cells control homeostatic proliferation of conventional T and B cells and prevent colitis 5-7 .
1 0 9 4 VOLUME 17 NUMBER 9 SEPTEMBER 2016 nature immunology A r t i c l e s and iT reg cells have been shown to be distinct 26, 27 . Although the tT reg cell TCR repertoire is biased toward self-recognition, TCRs expressed in iT reg cells can recognize foreign antigens with high affinity 24, 26 . Consistent with these results, activated CD4 + T cells from TCRβ transgenic (TCRβ-tg) Scurfy mice preferentially used TCRs found in the T reg cell TCR repertoire of TCRβ-tg wild-type mice 21 . Despite these findings, it's still not clear how a T reg cell's antigen specificity influences its regulatory properties.
We identified two functionally distinct subgroups of tT reg cells with distinct TCR repertoires and differing TCR affinities for self antigens. Triple lo T reg cells expressed TCRs whose affinities for self antigens were close to the negative selection threshold, whereas Triple hi T reg cells expressed TCRs with affinities well above this threshold. Functionally, Triple lo T reg cells controlled colitis by facilitating conversion of CD4 T conv cells into iT reg cells, whereas Triple hi T reg cells maintained lymphocyte homeostasis with peripheral lymph nodes (LNs). Finally, Foxp3-deficient (Scurfy) mice contained Triple hi -like and Triple lo -like CD4 + T cells with distinct pathological properties. Our results provide evidence that the degree of thymocyte self-reactivity drives the generation of distinct T reg cells subtypes, each of which control different aspects of lymphocyte homeostasis.
RESULTS

Distinct T reg cell subsets
Foxp3 + T reg cells has a continuum of expression of GITR and PD-1 (Fig. 1a) . Given that GITR hi PD-1 hi T reg cells had higher expression of CD25 than that of GITR lo PD-1 lo T reg cells (Fig. 1a) , we refer to these populations as 'Triple hi ' and 'Triple lo ' T reg cells, respectively. To compare these T reg cell populations with previously described T reg cells subsets [16] [17] [18] , we examined their expression of various homing and chemokine receptors ( Fig. 1b) , as well as the transcription factor Helios and the semaphoring receptor Nrp-1 (Fig. 1c) . Based on their expression of these proteins, we concluded that Triple hi and Triple lo T reg cells are distinct from each other and distinct from cT reg and eT reg cells [16] [17] [18] (Table 1) . This analysis also revealed that cT reg and eT reg cells are contained in the Triple int gate (Supplementary Fig. 1 ).
Origin of Triple hi and Triple lo T reg cells
Triple hi and Triple lo T reg cells present in the thymus ( Fig. 2a ) could represent T reg cells recirculating from the periphery as opposed to de novo generated tT reg cells 28, 29 . To resolve this, we examined thymic T reg cells in mice expressing Foxp3-RFP and Rag-GFP reporters (Fig. 2b) . RFP + GFP + CD4 single-positive (SP) thymocytes represent de novo generated thymic T reg cells, as they are still Rag-GFP + , whereas RFP + GFP − CD4 SP cells in the thymus represent recirculating T reg cells from the periphery 29 . The frequency of de novo generated (RFP + GFP + ) Triple hi and Triple lo T reg cells in the thymus was similar to that observed among LN T reg cells. The fact that both Triple hi and Triple lo T reg cells developed in the thymus argues against the idea that either population consists of iT reg cells. To address the possibility that Triple hi and Triple lo T reg cells might be induced by foreign antigens or inflammation, we examined T reg cells in germ-free (GF) and antigen-free (AF) mice. AF mice are the offspring of GF mice weaned onto and raised on the elemental diet of glucose and amino acids 30 . As these animals lack a microbiome and are not exposed to dietary antigens, they contain only self antigens. GF and AF mice contained similar frequencies of LN T reg cells as standard specific-pathogen-free (SPF) animals ( Fig. 2c) . Notably, SPF, GF and AF mice contained similar frequencies of Triple hi and Triple lo T reg cells ( Fig. 2c) , which also expressed similar levels of Nrp-1 and Helios protein ( Supplementary Fig. 2) . These data rule out the idea that the Triple hi and Triple lo phenotypes are a response to inflammation. Furthermore, these results strongly suggest that Triple hi and Triple lo T reg cells are exclusively generated through recognition of self antigens. To directly compare the TCR repertoires of Triple lo and Triple hi T reg cells to CD4 + T convs cells, we sorted all three populations expressing the variable α-chain region 2 (V α 2) family ( Fig. 3a) from a Rag + , single TCRβ chain strain (Yae62, Vβ8.2, TCRα +/KO , Foxp3 GFP-KI ; Supplementary Fig. 3 ) and subjected them to deep sequencing. The 500 most frequent clonotypes in each group were analyzed for their similarity (Fig. 3b-d ) and diversity ( Fig. 3e,f) . Morisita-Horn analysis, which measures sequence similarity, revealed that the CD4 + T conv sequences from three independent groups of mice (Online Methods) were similar to each other, but significantly different from Triple lo and Triple hi TCR sequences obtained from the same mice ( Fig. 3b) . Triple lo sequences isolated from different groups of mice were similar to each other as well, but were different from CD4 + T conv and Triple hi TCRs (Fig. 3c) . Triple hi TCR sequences were not only different from CD4 + T conv and Triple lo sequences, but they also varied between different groups of mice ( Fig. 3d) . Despite their significant sequence differences, the TCR repertoires of CD4 + T conv cells and Triple lo T reg cells were similarly diverse ( Fig. 3e,f) , whereas the Triple hi T reg cell TCR repertoire may be less diverse, at least according to Shannon Entropy analysis, which is used to measure sequence diversity. Taken together, deep sequencing revealed that Triple hi T reg cells, Triple lo T reg cells and CD4 + T conv cells have clearly distinct TCR repertoires, implying that TCR specificity is important for selecting these T reg cell subtypes.
Self-reactivity of Triple hi and Triple lo T reg cells
To directly test whether Triple hi and Triple lo T reg cell differ in their degree of self-reactivity, we examined CD5 and Nur77 protein expression in each subset (Fig. 4a) . The expression of these markers reflects T cell activation and correlates with TCR affinity for its peptide-MHC (pMHC) ligand 31, 32 . We observed higher expression of Nur77 and CD5 by Triple hi T reg cells, as compared with Triple lo T reg cells ( Fig. 4a) , arguing that Triple hi T reg cells are more self-reactive than their Triple lo T reg cell counterparts. To test this idea, we used in vivo BrdU labeling and observed that Triple hi T reg cells proliferate more frequently in vivo than Triple lo T reg cell and CD4 + T conv cells ( Fig. 4b) . Furthermore, when we cultured unsorted CD4 + T cells on syngeneic bone marrow dendritic cells (BMDCs), we found that Triple hi T reg cells proliferated more extensively than Triple lo T reg cells and CD4 + T conv cells (Fig. 4c) ; this proliferation required expression of MHCII self antigens on antigen-presenting cells (APCs).
To examine the influence of antigen affinity on the generation of CD4SP thymocytes with a Triple hi or Triple lo phenotype (Fig. 4d) , we cultured B3K508TCR-tg Rag2 −/− thymocytes, which express the Fig. 4d) . Foxp3 + T reg cells were also generated in these cultures, but only in the presence of negative selecting peptides ( Fig. 4d and Supplementary  Fig. 4a ). Culturing B3K508TCR-tg Rag2 −/− thymocytes with the negative selecting ligands P-1A, P2A and 3K generated Foxp3 + T reg cells expressing increasing amounts of PD-1 ( Fig. 4d ), CD25 and Helios protein ( Supplementary Fig. 4b ). Taken together, these data suggest that threshold-, intermediate-and high-affinity negative selecting antigens induce Triple lo , Triple int and Triple hi T reg cells, respectively ( Fig. 4d and Supplementary Fig. 4b ). That the threshold negative selector induced weaker TCR signals is supported by its decreased ability to induce pCD3ζ, pJun and pErk ( Supplementary Fig. 4c,d) .
We confirmed these in vitro results using bone marrow chimeras, in which OT-II thymocytes developed in a RIP-OVA host expressing the cognate antigen, ovalbumin, in the thymus and the pancreas under the control of the rat insulin promoter (Fig. 4e) . These chimeric mice contained Triple hi and Triple int T reg cells, but not Triple lo T reg cells, in the thymus. Taken together, these data imply that Triple hi and Triple lo T reg cells are likely generated by exposure to negatively selecting antigens; moreover, the resulting T reg cells phenotype is most likely determined by the affinity of its TCR for self antigen.
Suppressive function of Triple hi T reg cells
To compare the regulatory properties of these two populations, we transferred sorted B6 derived Triple hi or Triple lo T reg cells, which are unaffected by diphtheria toxin (DTx), to Foxp3 DTR mice (Supplementary Fig. 5a ),. Endogenous T reg cells from the Foxp3 DTR host were depleted by injecting DTx every other day, beginning after 3 d. LN lymphocytes were then examined by flow cytometry 11 d after the onset of T reg cell depletion (Supplementary Fig. 5b ). Triple hi T reg cells controlled the extensive proliferation of T cells and B cells in peripheral LNs of mice depleted of their endogenous T reg cells ( Fig. 5a) , whereas Triple lo T reg cells functioned poorly in this respect.
As expected, Triple hi T reg cells limited the activation of CD4 + T conv cells (Fig. 5b,c) . Taken together, these results show that Triple hi T reg cells regulate lymphocyte homeostasis in peripheral LNs.
Suppressive function of Triple lo T reg cells
To examine whether any of these T reg cell subsets control colitis, we injected CD3-deficient (Cd3e −/− ) mice with sorted naive CD4 + T conv cells (Supplementary Fig. 6a ), a treatment that resulted in weight loss ( Fig. 6a) and colitis ( Fig. 6b) , as previously described 7 .
Co-transfer of Triple lo , but not Triple hi , T reg cells prevented weight loss and limited lymphocyte infiltration of the colonic mucosa ( Fig. 6a,b) . Analysis of LN cells from these mice revealed that co-transferred Triple lo T reg cells facilitated the conversion of some CD4 + T conv cells into iT reg cells ( Fig. 6c,d) . Mice receiving Triple lo T reg cells had the highest percentage of iT reg cells ( Fig. 6c,d) , very limited infiltration of the colonic mucosa ( Fig. 6b ) and maintained their weight ( Fig. 6a) .
To test whether iT reg cells are required to control colitis 15 , we transferred CD4 + T conv cells isolated from Foxp3 DTR mice into Cd3e −/− mice (Supplementary Fig. 6a ). These animals were also treated with DTx every third day to deplete any iT reg cells that developed from transferred Foxp3 DTR CD4 + T conv cells. iT reg cell depletion accelerated weight loss and development of colitis ( Fig. 6a,e ). Co-transferred B6 Triple lo T reg cells (which are unaffected by DTx) were unable to control the development of colitis when iT reg cells were depleted ( Fig. 6a,b,e) . These data support the idea that Triple lo T reg cells facilitate conversion of some CD4 + T conv cells into Foxp3 + iT reg cells (Fig. 6d) , which, in aggregate, limit development of colitis.
Taken together, our data ( Figs. 5 and 6) suggest that there are two populations of T reg cells: Triple hi T reg cells, which control lymphoproliferation in peripheral LNs, and Triple lo T reg cells, which limit the development of colitis (at least in a lymphopenic setting). It should be noted that the phenotypes of Triple hi T reg cells were stable over the 11-d time course of the experiment (Fig. 5) , whereas Triple lo T reg cells were stable over the 6-week time course of the colitis experiment ( Fig. 6 and Supplementary Fig. 6b) . Given that Triple lo T reg cells did not suppress lympho-proliferation and Triple hi T reg cells did not suppress colitis, there was no evidence for a substantial degree of trans-differentiation between the two subsets during the time frame of these experiments. 
Triple hi and Triple lo CD4 + T cells in Scurfy mice
Although Scurfy mice cannot develop T reg cells, as they lack functional Foxp3, they do carry out negative selection 21 . For this reason, we wondered whether Scurfy mice contained Triple hi -like and Triple lo -like Foxp3 − CD4 + T cells. Flow cytometry analysis revealed that these mice contained GITR hi PD-1 hi CD25 hi (Scurfy Triple hi ) and GITR lo PD-1 lo CD25 lo (Scurfy Triple lo ) CD4 + T cells. Scurfy Triple hi CD4 + T cells resembled B6 Triple hi T reg cells in terms of PD-1, GITR, CD25, Helios, CD5 and CD62L protein expression ( Fig. 7a) .
Given their lack of Foxp3 expression and suppressive capacity, Scurfy Triple hi CD4 + T cells may be similar to previously reported T reg cell 'wannabes' 21, 33, 34 . Scurfy Triple lo CD4 + T cells, on the other hand, resembled CD4 + T conv cells with respect to their expression of these markers (Fig. 7a) 
A r t i c l e s
To investigate their pathological activities, we sorted Scurfy Triple lo and Scurfy Triple hi CD4 + T cells (Supplementary Fig. 7a ) and separately transferred them into T-cell-deficient Cd3e −/− hosts ( Supplementary  Fig. 7b ). Transferred Scurfy Triple lo CD4 + T cells promoted weight loss ( Fig. 7b) and colitis (Fig. 7c) . Moreover, they accumulated in mesenteric LNs (Supplementary Fig. 7c) , where ~35% of these cells expressed α 4 β 7 , an integrin that enables homing to the gut 35 (Supplementary  Fig. 7d) . In contrast, transferred Scurfy Triple hi CD4 + T cells did not cause weight loss (Fig. 7b) and preferentially accumulated in peripheral, but not mesenteric, LNs ( Fig. 7d and Supplementary Fig. 7c) . Moreover, Scurfy Triple hi CD4 + T cells induced massive inflammation in the skin, but only minimal inflammation in the colon ( Fig. 7c and  Supplementary Fig. 7e ). Taken together, these results indicate that the absence of normal T reg cells is not the sole cause of Scurfy disease; the activity of dysregulated (T reg cell like) Scurfy Triple hi CD4 + T cells accounts for some of the pathology observed in these mice.
DISCUSSION
We examined the functionality of T reg cells subsets with distinct TCR repertoires and differing affinities for self antigens. Our data suggest that Triple hi and Triple lo T reg cells are generated as an offshoot of negative selection. The high-affinity self-reactive TCRs expressed by Triple hi T reg cells likely drive their selection in the thymus and their suppressive activity in peripheral LNs 36 . On the other hand, thymic precursors expressing lower affinity self-reactive TCRs plausibly differentiate into Triple lo T reg cells. Triple hi and Triple lo T reg cells are distinct from central and effector T reg cell subsets on the basis of their expression of CD25, CCR7, CD103, Helios and Nrp-1 proteins 16 . Foxp3-RFP Rag-GFP dual reporter mice clearly showed that Triple hi and Triple lo T reg cell were present among de novo generated, Rag-GFP + , thymic T reg cells. AF mice contained virtually no foreign antigens (they lacked a microbiome and were fed an elemental diet), but expressed normal frequencies of Triple hi and Triple lo T reg cells; this demonstrates that their differentiation is driven exclusively by self antigens. Taken together, these data demonstrate that Triple hi and Triple lo T reg cells are generated in a programmed fashion, based on their affinity for self antigens.
T reg cells and CD4 + T conv cells are differently selected and have dissimilar TCR repertoires 24, 25 . A comparison of the TCR repertoires expressed in thymic and peripheral (induced) T reg cells is difficult as a result of the absence of specific markers for cell sorting 8, 9, 14, 37, 38 . However, analysis of peripheral (assumed to be thymus derived) and colonic (assumed to be peripherally induced) T reg cells revealed different TCR repertories expressed in these two populations 26 . Deep sequencing showed that the TCR repertoires of Triple hi and Triple lo T reg and CD4 + T conv cells are distinct; this is expected if TCR specificity is linked to T reg cell differentiation. The decreased TCR diversity among Triple hi T reg cells may be a result of oligoclonal expansion; this is consistent with their increased proliferation in vivo.
Based on CD5 and Nur77-GFP reporter expression 31, 32 , the affinity hierarchy for self-reactivity is likely Triple hi T reg cells > Triple lo T reg cells > CD4 + T conv cells. Exposing MHCII-restricted TCR-tg thymocytes to threshold-(weak deleting), intermediate-(moderate deleting) or high-affinity (strong deleting) antigens generates Triple lo , Triple int or Triple hi T reg cells, respectively. The principle that thymocyte affinity for self antigen determines cell fate also applies to T reg cell development.
Whether different T reg cell populations suppress different aspects of autoimmunity is not fully known 15 . Acute T reg cell ablation in Foxp3 DTR mice leads to the activation of T cells specific for 'available antigens' , including genome-encoded self, environmental and food antigens 39 . We found that the massive expansion of T conv and B cells in T reg -cell-ablated mice was controlled by transferring Triple hi , but not Triple lo T reg cells. Triple hi T reg cells may suppress lymphoproliferation in peripheral LNs by either modifying dendritic cells (DCs) toward a tolerogenic phenotype 40 or by directly interacting with T conv cells 39, 41, 42 .
A number of reports have shown that co-transfer of T reg cells, particularly microbiota-specific T reg cells, prevents the onset of or even cures mice of colitis 7, 43, 44 . iT reg cells are essential for maintaining immune homeostasis, especially at mucosal interfaces; in addition, iT reg cells contribute to fetal tolerance 5, 12, 13 . In the gut, naive CD4 + T cells are converted into iT reg cells following TCR stimulation in the presence of TGF-β and IL-2; other compounds such as retinoic acid or shortchain fatty acids from microbiota mediate conversion as well 7 . IL-10 is also a key player in maintaining lymphocyte homeostasis in the gut, as IL-10-deficient mice suffer from spontaneous colitis 7 . Our results clearly show that Triple lo T reg cells suppressed colitis induction. Triple lo T reg cells by themselves did not control colitis induction, but instead functioned by promoting the generation of iT reg cells from CD4 + T conv cells. To the best of our knowledge, there is no study showing that a particular T reg cell population can promote the conversion of CD4 + T conv cells to iT reg cells in vivo. Recently, M2a macrophages were shown to promote a supportive environment for iT reg cells and to directly contribute to immunological homeostasis in the gut 45 .
Nevertheless, the manner in which Triple lo T reg cells facilitate the generation of iT reg cells is still an open question.
T reg -cell-like 'wannabe' CD4 + T cells accumulate in scurfy mice 33, 34 . These T reg -cell-like Scurfy CD4 + T cells are phenotypically similar to bona fide T reg cells and even express similar TCRs 21 . Notably, transfer of T conv -like CD4 + T cells from Scurfy mice results in colitis, but not the other features of Scurfy disease 33 A r t i c l e s skin lesions, whereas IL-4-, IL-6-, IL-10-, Stat6-or CD103-deficient Scurfy mice do 46 , suggesting that IL-2 acts as an important mediator of skin inflammation in Scurfy mice. Scurfy Triple hi CD4 + T cells likely require, but do not produce, their own IL-2, as they express Helios, a repressor of IL-2 transcription 34 . This might explain the accumulation of Scurfy Triple hi CD4 + T cells around IL-2-secreting, skin-resident DCs in the dermis 47 . In contrast, Scurfy Triple lo CD4 + T cells induced severe colitis within 4 weeks of being transferred to T-cell-deficient recipients. It's unclear whether Scurfy Triple lo CD4 + T cells are the Scurfy equivalent of B6 Triple lo T reg cells or of B6 CD4 + T conv cells. A portion of Scurfy Triple lo CD4 + T cells are likely to be microbiota specific, as GF scurfy mice are less prone to develop colitis than Scurfy mice housed under SPF conditions 26, 36 . Taken together, these results indicate that Scurfy disease is pleotropic. Although the absence of bona fide T reg cells is the major contributor to the scurfy phenotype, the presence of dysregulated T reg -like cells very likely initiates several pathological aspects of this disease.
In summary, we found that the extent of self-reactivity underlies the development of two distinct populations of regulatory T cells. The highly self-reactive Triple hi T reg cells controlled the homeostatic proliferation of lymphocytes in peripheral LNs, whereas the less self-reactive Triple lo T reg cells facilitated the generation of iT reg cells to maintain lymphocyte homeostasis in the colon. Scurfy mice contained dysregulated T reg -cell-like CD4 + T cells, which contribute to the pathology of Scurfy disease.
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